Abstract. DMSP F7 spacecraft observations for the whole of 1986 were used to construct the empirical model of the midnight auroral precipitation during a substorm. The model includes the dynamics of different auroral precipitation boundaries and simultaneous changes in average electron precipitation energy and energy flux in different precipitation regions during all substorm phases, as well as the IMF and solar wind plasma signatures during a substorm. The analysis of the model shows a few important features of precipitation. (1) During the magnetic quietness and just before the beginning of the substorm expansive phase the latitudinal width of the auroral precipitation in the nightside sector is about 5 − 6 • CGL, while that of the auroral oval is about 2 − 3 • CGL during such periods. (2) For about 5 min before the substorm onset a decrease in the average precipitating electron energy in the equatorward part of auroral zone was observed simultaneously, with an increase in both the average electron energy and energy flux of electron precipitation in the poleward part of the auroral zone. (3) The isotropy boundary position in the beginning of the substorm expansive phase coincides well with the inner edge of the central plasma sheet. The analysis of interplanetary medium parameters shows that, on average, during the substorm development, the solar wind dynamic pressure was about 1.5 times that of the magnetic quietness period. Substorms occurred predominantly during the southward IMF orientation, suggesting that substorm onset often was not associated with the northern turn or decrease in the southward interplanetary B z . The Northern Hemisphere's substorms occurred generally during the positive interplanetary B y in winter, and they were observed when the interplanetary B y was negative in summer.
Introduction
DMSP satellites database for the whole of 1986 was created to investigate different types of auroral precipitation features. It contains more than 35 000 satellite passes through the auroral zone, almost around the magnetic local time. In more detail, the description of the database will be presented below, and hereby we would only like to note that the level of geomagnetic activities and the phase of geomagnetic disturbances were determined for each satellite pass. Such detailed information allows one to examine the dynamics of different auroral precipitation boundaries and variations in the average energy and energy flux of precipitating particles in different parts of the auroral zone during a magnetospheric substorm. The model description of spatial distribution and basic characteristics of electrons precipitating into the polar ionosphere give an evident notion about the various population source behavior in the distant magnetosphere during substorms, and can be used to estimate the precipitation energy and its influence on ionospheric conductivity and the chemistry of the upper atmosphere. Sotirelis and Newell (2000) published the boundaryoriented model of the global configuration of electrons precipitating into the polar ionosphere based on DMSP spacecraft observations. An essential advantage of this model in comparison with the earlier published models (Spiro et al., 1982; Hardy et al., 1985) is not only large statistics (12 years of continuous observations) and rather high spatial resolution of global distributions, but also regulation of precipitating electron features for each satellite pass over the polar ionosphere relative to various auroral precipitation boundaries. Our database is based on more modest statistics (1 year of observations), but it has an advantage in that it contains, in addition to different auroral precipitation boundary co-ordinates, additional information including interplanetary medium conditions, magnetic activity indices and magnetospheric substorm phases. This information enables us to carry out more fine investigations and to frequently represent the obtained dependencies in an analytical form handy for 2272 V. G. Vorobjev et al.: A substorm in midnight auroral precipitation further applications. Thus, Vorobjev et al. (2000) and Starkov et al. (2002) published the quantitative correlations between the location of different auroral precipitation regions in the midnight and midday sectors and the magnetic activity level in the auroral zone. This was not possible in all previous models (Spiro et al., 1982; Hardy et al., 1985) . Sotirelis and Newell (2000) used the b2i boundary, the proxy for the ion isotropy boundary, to infer the magnetotail stretching. It is difficult to apply these models to more detailed research, particularly during the substorm development. In the present paper the empirical model of a substorm in the midnight auroral precipitation is presented. The model contains the dynamics of different auroral precipitation boundaries during all substorm phases, together with simultaneous changes in the average electron precipitation energy and energy flux in different precipitation regions, as well as the IMF and solar wind plasma features during the substorm.
Data used and technique of processing
DMSP F7 spacecraft observations in the magnetic local time interval from 21:00 MLT to 24:00 MLT were used to study auroral precipitation features during substorms. The objects of investigation are b1e, b2e, b2i, b4s, b5e and b6 boundaries, according to the notation suggested by Newell et al. (1996) and Feldstein and Galperin (1996) for nightside precipitations. In this notation the boundaries were numbered so that the number of the boundary grows with the increase in its latitudinal location. Indexes e and i refer to the electron and ion precipitation boundary, respectively; b1e is the "zero-energy" electron boundary. According to the results by Vorobjev et al. (2000) , this boundary coincides well with the equatorward boundary of diffuse auroral luminosity.
b2e The boundary where the electron average energy is neither increased nor decreased with latitude. It is assumed that this boundary is a proxy for the inner edge of the central plasma sheet. According to a statistical study (Vorobjev et al., 2000) , b2e coincides with the equatorward boundary of the auroral oval.
b2i The latitude where the energy flux of ions has the maximum. This boundary, a proxy for the ion isotropy boundary, corresponds to the earthward edge of the magnetospheric cross tail current sheet (Newell et al., 1996 (Newell et al., , 1998 .
b4s
The equatorward boundary of spatial structured electron precipitations (low correlation coefficient between the neighboring spectra).
b5e
The poleward boundary where an abrupt drop by a factor of at least 4 in the electron energy flux is observed. According to Vorobjev et al. (2000) , this boundary coincides well with the poleward boundary of the statistical auroral oval.
b6
The poleward boundary of subvisual drizzle. It is supposed that b6 frequently corresponds to the polar cap boundary.
In addition to standard information about different auroral precipitation boundary coordinates and particle precipitation characteristics, interplanetary medium parameters and indexes of geomagnetic activity and substorm phases were determined for each satellite pass through the auroral zone. The substorm phase was determined from 1-minute averaged variations of the AE and AL indexes at the time when the satellite encountered the b2e boundary. It takes only 2-3 min for the spacecraft to pass the precipitation zone, from the b1 to b6 boundaries. Magnetic activities were divided into four classes: 0 -the magnetic quiet period (|AL| ≤ 40 nT) which consists of all quiet times, not only just those preceding a substorm; 1 -the growth phase of substorm; 2 -the substorm expansive phase; 3 -the recovery phase of substorm; 4 -another type of magnetic activity (|AL| > 40 nT). Moreover, each of the 1, 2 and 3 phases was additionally divided into three equal temporary intervals, corresponding to the initial, middle and final stage of each substorm phase (subphases). Such detailed separation allows one to obtain three experimental statistical points for each phase and to investigate the precipitation boundary dynamics and auroral electron characteristics during the magnetospheric substorm development, in detail.
Observations obtained by the DMSP F7 spacecraft with an orbiting period of approximately 100 min were used for the investigation. The duration of a typical isolated substorm from the beginning of the growth phase to the end of the recovery phase is about 2-3 h. That is why in the course of any substorm there were only 2-3 DMSP passes occurring in different substorm phases. For this reason different points were related to different substorms. Our results will describe an average or synthetic substorm, consisting of three phases. Data belonging to the same stage of each substorm phase were summarized to determine the average level of auroral boundary locations, electron precipitations and interplanetary medium parameters. The average value of all quantities are shown in figures as a point in the center of the corresponding substorm subphase. The numbers of events per statistical cell are changed from 200-300 for different subphases to about 700 for the 0 and 4 classes.
Substorm phases were defined in conformity with the classical reports by Akasofu et al. (1966) , Kokubun (1970) , McPherron (1970) , Iijima and Nagata (1972) and others. The general feature of the growth phase was a slow growth of the magnetic activity prior to the rapid growth during the substorm expansive phase. The beginning of a sharp magnetic activity level increase was determined as a substorm onset time. If the average duration of growth, expansive and recovery phases is about 45-60 min, then the duration of each subphase is about 15-20 min. To illustrate this point, the average AL index values for different subphase are shown in Fig. 1 by a dashed line. In order to clarify the substorm phase and subphase selection, the model of the corresponding magnetic disturbance shifted ahead in time by one-half of the substorm subphase, shown here by solid line.
Observations and results
The bottom part of Fig. 1 displays (indicated by the solid line) the variations of the AL index during all magnetic activity intervals, which are marked along the horizontal axis. The curve is constructed by 5-min averaged AL indices, as an average AL magnitude for satellite passes during the identical phase of magnetic disturbance. As it is seen from the figure that the shape of the AL variation corresponds well to the typical magnetic substorm that testifies to rather a correct determination of the magnetospheric substorm phases. The average level of magnetic activity during the period of the magnetic quietness was about −20 nT. The magnetic activity gradually increased during the substorm growth phase, reaching about −85 nT just before the substorm onset. The average disturbance in the substorm maximum was −410 nT, and during the disturbance period (4) without determined phase it was equal to about −125 nT. In Fig. 1 the thin line with circles shows the changes in the D st index during the same periods. The average variation of this index is very insignificant and even during the substorm maximum it does not exceed −5 nT. First, we examined the interplanetary medium parameters corresponding to each phase of magnetic disturbance. Solar wind plasma and IMF observations from the NSSDC OMNIWeb database were used. In three top panels of Fig. 1 the average value of the solar wind dynamic pressure (P ), and the IMF B y (separately for winter and summer seasons) and B z components are shown from top to bottom. Crosses in the figure show the standard deviation (S) of the measured quantities: S = σ N −1/2 , where σ is the rms deviation and N is the number of events.
The analysis of interplanetary conditions demonstrates that, on average, the solar wind dynamic pressure was a little bit higher during the substorm than during the period of magnetic quietness. Substorms occurred predominantly during periods of southward IMF orientation, and substorm onsets were often not associated with the northern turn of the interplanetary B z .
The winter of 1986 in this study is January, February and November, December, and the summer is May-August. Distributions of the IMF B y occurrence frequency with a different sign and value during the summer and winter of 1986 are alike and approximately symmetrical, with a nearly equal occurrence of positive (46% and 49%) and negative (54% and 56%, respectively) IMF B y . However, in winter, substorms were generally observed during the positive interplanetary B y and in summer they occurred during the negative B y .
In order to take into account the time history of the solar wind, another method was also applied. We took the interplanetary parameters for the previous hour if the spacecraft pass occurred in the first half of any hour, and for the same hour if the pass took place during the second half of the hour. The results were qualitatively equal, and only a insignificant quantitative difference was observed.
The dynamics of different auroral precipitation boundaries during a substorm are illustrated in Fig. 2 . On the horizontal scale in this figure the active period with an unidentified substorm phase (4) is replaced by the period of magnetic quietness (0). So, the disturbance under investigation corresponds to the averaged isolated substorm. The variation of the average AL index value is shown in the bottom part of the figure. As the D st variations in the examined interval were insignificant, it is possible to consider that all changes in the latitudinal location of the precipitation boundaries and auroral electron characteristics are caused generally by the substorm development.
Because of the relatively large statistical set, standard deviations (S) are very small and actually slight for all quantities in our investigation. That is why in Fig. 2 the root-meansquare deviations were calculated for the boundary positions. In order not to overload the figure, these errors are shown as half of a deviation to either side. Figure 2 shows that the equatorward precipitation boundaries (b1e, b2e, b2i, b4s) move during both the growth and expansive substorm phases to lower latitudes and then return during the recovery phase to initial latitudes, correlating well with changes in the AL index. The most equatorward boundary, b1e, shows the greatest equatorward displacement of about 5 • of corrected geomagnetic latitude (CGL), while the displacement of the b4s boundary was about 2.5 • of the latitude. Higher latitude precipitation boundaries (b5e, b6) moved equatorward only during the substorm growth phase. During the expansive phase, the b6 boundary returned to its undisturbed level, while the b5e boundary moved further poleward by about 2 • of latitude higher than its location during the quietness period. Owing to such difference in the b5e and b6e boundaries dynamics, the region of soft precipitations between b5e and b6 shrank sharply during the expansive phase. At the maximum of the substorm the polar cap boundary (b6) approximately coincided with the poleward boundary of the statistical auroral oval (b5e).
The b2e boundary is more dynamic than the b2i. During the average substorm of about 400 nT in intensity, the equatorward displacement of b2e was about 5 • of the latitude, while it was only ∼ 2 • CGL for the b2i boundary. During magnetic quietness, b2e was placed poleward of b2i, i.e. the inner edge of the magnetospheric cross tail current sheet was closer to the Earth than the central plasma sheet (CPS). B y contrast, the isotropy boundary was observed inside the center plasma sheet during the expansive and recovery phases of the substorm. The position of the b2e and b2i boundaries approximately coincided around the substorm onset time. Such interdependence in the auroral boundaries position occurred not only statistically, but also for real individual disturbances. It is possible to suggest that the relative position of the b2e and b2i boundaries can testify to the quiet or disturbed condition of the magnetosphere.
In addition to the auroral precipitation boundary coordinates, the DMSP database contains the information about an average precipitating electron energy and energy flux in different precipitation regions. Taking into account that at midnight the position of the b1e and b1i boundaries and the b5e and b5i boundaries, as a rule, coincide well (Newell et al., 1996; Vorobjev et al., 2000) ; such kind of data are available for four precipitation regions: b1e-b2i -precipitations equatorward of the cross tail current sheet (diffuse auroral luminosity); b2i-b4s -precipitations from the earthward edge of the current sheet (the equatorial part of an auroral oval); b4s-b5 -precipitations in the poleward part of the statistical auroral oval, and b5-b6 -soft electron precipitation region poleward of the auroral oval. Precipitating electron characteristics in these regions are shown in Fig. 3 . To compute these characteristics we have selected one more temporal interval in the magnetospheric substorm development. In the 1-3 phase, corresponding to the final stage of the substorm growth phase, we have chosen the satellite passes closest to the substorm onset, the time of which we have estimated as (T 0 − 5) ± 5 min. Only events with the sharp pronounced magnetic bay onset were selected for this investigation.
In Fig. 3 the average electron precipitation energy and energy flux are standardized to those during magnetic quietness, whose levels in units (keV) for the average energy (E 0 ) and (erg/cm 2 s) for the energy flux (F 0 ) are shown in the right part of Figs. 3a and b, respectively. Figure 3a illustrates changes in the average electron precipitation energy in different regions during the substorm. As seen from the figure during the substorm expansive phase, the average energy increased as large as 2-3 times in all precipitation regions. The energy increase begins smoothly, yet during the substorm growth phase. The most interesting is the decrease in the average auroral electron energy in the two low-latitude regions (b1-b2i and b2i-b4s) and the simultaneous increase in the energy in the two higher latitude regions b4s-b5 and especially in b5-b6, just before the substorm onset time. The energy decrease in the two low-latitude auroral regions can correspond to the fading of both discrete and diffuse aurorae prior to the substorm onset, as noted by Zaitseva et al. (1976) , Pellinen and Heikkila (1978) and Kornilova et al. (1989) . Figure 3b shows the behavior of the average energy flux in the same precipitation zones as the average energy in Fig. 3a . During the period of magnetic quietness, the greatest power emitting occurred in the b4s-b5 region, corresponding to the poleward part of the statistical auroral oval. The precipitating electron energy flux in this region was about 3 times higher than in the equatorward part of the auroral oval (b2i-b4s) and more than ten times higher than in the b1e-b2i and b5-b6 regions. As a whole, the energy fluxes, as well as the average electron energy, began to grow during the substorm growth phase and reached the maximum level at the end of the substorm expansive phase. The most essential increase in energy flux (more than ten times) this time was observed in the most equatorward precipitation region (b1e-b2i), corresponding to the region of diffuse auroral luminosity. Just before the beginning of the substorm expansive phase, the energy flux in all regions remained about constant with the exception of the b4s-b5 region, where the flux increase of about 1.5 times was registered. 
Discussion
The analysis of interplanetary medium conditions during substorms is extremely important for finding out whether the magnetospheric substorm is a consequence of internal magnetospheric instabilities or whether it is triggered by sharp changes in the interplanetary parameters (Lyons, 1996 and references here). The general external sources of the substorm triggering can be a sharp decrease or a northern turn of the southward IMF B z component (Caan et al., 1978; Dmitrieva and Sergeev, 1983) , impulsive changes in the solar wind dynamic pressure (Kokubun et al., 1977; Sauvaud, 1998) and sharp variations in the IMF B y component (Dmitrieva and Sergeev, 1983; Troshichev et al., 1986) . So, Lyons (1996) considered that the substorm expansive phase is caused generally by external sources. On the other hand, from statistical data Maltsev (1998) showed that the substorm onset was neither associated with sharp |B z | changes, nor with solar wind dynamic pressure variations, that, in the author's opinion, testifies to the spontaneous nature of substorms.
Our statistical results show that although, on average, during the substorms, the solar wind dynamic pressure was a little bit higher than during quietness periods, at the time of the substorm onset any essential or sharp changes in the dynamic pressure were not observed. The substorm expansive phase began generally during the southward IMF orientation and, on average, the substorm onset was not associated with a decrease or a northern turn of the southward interplanetary B z . In this point our conclusions coincide with the results obtained by Maltsev (1998) . The IMF B y component behavior is of interest. As one can see from Fig. 1 , in the winter season substorms were observed predominantly during the positive B y orientation and in summer when the B y was negative. A similar result had been earlier obtained by Vorobjev and Zverev (1982) . It is important to note here that, according to our data, the most essential changes in the interplanetary B y orientation were registered after the substorm onset. It is well known (Sibeck et al., 1989; Fairfield et al., 1987; Vorobjev et al., 1999) the B y polarity during a substorm development essentially affects both the midnight latitudinal position of the poleward electron precipitation boundaries (b5 and b6) and the maximum latitude of the auroral bulge. In this way, sharp changes in the B y orientation in an ecliptic plane can be one of the important factors that influence the development of magnetospheric disturbances.
The width of the auroral precipitation in the midnight sector (Fig. 2) during the period of magnetic quietness was about 6.5 • of latitude and increased up to 11 • , to the maximum of the substorm expansive phase of about ∼ 400 nT in intensity. This expansion occurred generally due to the displacement of the equatorward precipitation boundary (b1e) to lower latitudes. In contrast with this, the width of the auroral oval during quiet periods is only ∼ 2 − 3 • of the latitude (Starkov and Feldstein, 1967) . It is well known (Akasofu, 1964 ) that a substorm usually begins by a sudden growth of intensification of the auroral arc at the equatorward border of the auroral oval and is accompanied by the subsequent fast poleward displacement of bright auroral forms. Samson et al. (1992) showed that the auroral intensification at the substorm onset had occurred in the region of intensive proton penetration. Since the b2i boundary was determined as the latitude where the energy flux of ions had the maximum, the auroral breakup most likely occurs near the region of the b2i and b2e boundaries' crossing. The width of an auroral arc is a few km at most, while the width of the auroral precipitation region to the pole from the b2i and b2e crossing is about 5 • of latitude. So, one can suggest that the auroral break-up occurs deeply in the magnetosphere in the transition region where the magnetic field lines change from dipole-like to extended ones in the tail. This result coincides with the conclusions in the paper of Samson et al. (1992) , where it is shown by scanning photometer data that the initial auroral intensification occurs at field lines that are about 5 • of latitude equatorward of the polar cap boundary and that cross the equatorial plane of the magnetosphere at 6-10 R E .
In the paper by Starkov et al. (2002) a new notation for different precipitating regions observed with the DMSP satellite was suggested. It was carried out on the basis of a statistical comparison of the auroral precipitation structure with the boundaries of the auroral oval and diffuse auroral luminosity, and allows one to describe uniformly the auroral phenomena, both in the day and night sectors. The main regions of precipitating particles in this notation are: "diffuse auroral zone" (DAZ) -the precipitation between the b1e-b2e boundaries; "auroral oval precipitation" (AOP) -between the b2e-b5 boundaries and "soft diffuse precipitation" (SDP) -between the b5 and b6. The summarized scheme of the substorm development in the auroral precipitations and discrete aurorae is shown in Fig. 4 using this notation. Corrected geomagnetic latitudes are marked along the vertical axis. The regions of diffuse precipitations (dark areas) border on the equatorward and poleward edges of the "auroral oval precipitation" region. The ion isotropy boundary is shown by the dashed line, and dynamics of discrete aurorae by segments of heavy lines. To construct the auroral forms' dynamics, the results published by Akasofu (1964) , Starkov and Feldstein (1971) , Snyder and Akasofu (1971) , Craven and Frank (1990) , Samson et al. (1992) and others are used. The beginning time of the substorm growth phase, the substorm onset, and the maximum in the substorm development are marked by symbols T 1 , T 0 and T max , respectively. In this scheme the main development of aurorae occurs in the "auroral oval precipitation" region and thus, the location of the poleward boundary of discrete aurorae does not determine the polar cap boundary. Interesting is the decrease in the average electron precipitation energy in the DAZ and in the equatorward part of the AOP region, about 5 min before T = 0. This energy decrease can correspond to the fading of discrete aurorae and diffuse luminosity just before the beginning of the substorm (Zaitseva et al., 1976; Pellinen and Heikkila, 1978; Kornilova et al., 1989) . Simultaneously with this energy decreasing in the equatorial part of auroral zone, the enhancement in both the average electron precipitation energy and energy flux was observed in the poleward part of the AOP region. The energy flux increase was about 1.5 times compared to their average level at the final stage of the substorm growth phase. The increase in both the average auroral electron energy and energy flux in this region testifies to the fact that, about 5 min before the substorm onset time, it is possible to expect an increase in auroral luminosity or occurrence of visual aurorae at CGLs of about 67 • − 71 • , i.e. a few degrees poleward of the bright discrete aurorae of the auroral oval (substorm precursor).
This result can be indirect evidence of the substorm mechanism suggested by Shiokava et al. (1997) and Reeves (1998) . In their "braking model" the formation of a neutral line in the magnetospheric tail precedes the beginning of the substorm expansive phase determined by auroral break-ups, Pi2 bursts, the sharp beginning of magnetic bays, the appearance of particle injections at geosynchronous distances, etc. The beginning of the reconnection produces fast convective plasma flows that are directed earthward and tailward from the reconnection region. When the strong flows approach the dipole-like inner magnetosphere, they are forced to slow down and divert around the Earth.
The braking process of the flow could cause an azimuth pressure gradient, a strong inductive electric field, and vortical flows, that, in turn, produce the field-aligned currents of the substorm current wedge. The compression pulses and fluctuations of the field-aligned currents generated in the braking point can be an initial cause of the Pi2 magnetic pulsations, the particle injections into the inner magnetosphere and the appearance of other ground features of a substorm onset. Actually, Nagai et al. (1998) showed that magnetic reconnection most likely takes place in the limited area of the near-Earth plasma sheet at the distances of 20-30 R E , downtail or closer to the Earth Machida et al., 1998 ), a few minutes prior to the substorm onsets which were identified by the Pi2 appearance. It suggests that at least in some particular cases the reconnection triggers the substorm. In the papers by Fairfield et al. (1998 Fairfield et al. ( , 1999 there were examples of high speed flows observed with the Geotail satellite that were clearly associated with substorms and, in fact, preceded the auroral break-ups and substorm injections. Thus, the possibility cannot be excluded that some substorms can be initiated by the magnetic reconnection in the tail and the high-speed flow occurrence. However, we shall note that the analysis of optical data presented by Yahnin et al. (2000) did not discover any auroral precursor for several selected substorms.
Conclusions
DMSP F7 satellite observations for the whole of 1986 in the magnetic local time interval from 21:00 to 24:00 MLT were used to examine the different auroral precipitation boundary dynamics and precipitating electron features during all substorm phases. The general results can be summarized as follows:
1. The empirical model of the substorm in the midnight auroral precipitation is suggested. The model includes dynamics of different electron precipitation boundaries during all substorm phases together, with simultaneous changes in average electron precipitation energy and energy flux in different precipitation zones, as well as the IMF and solar wind plasma behavior during the substorm.
2. The analysis of observations showed that during magnetic quietness and just before the beginning of the substorm expansive phase, the latitudinal width of the auroral precipitation in the nightside sector is about 6 − 7 • CGL.
3. For about 5 min prior to the substorm onset time a decrease in the average precipitating electron energy in the equatorward part of auroral zone was observed simultaneously with an increase in both the average precipitating electron energy and energy flux in the poleward part of the auroral precipitation zone.
4. The isotropy boundary position in the beginning of the substorm expansive phase (T = 0) coincides with the inner edge of the central plasma sheet. During magnetic quietness and the substorm growth phase, the isotropy boundary is placed closer to the Earth than the central plasma sheet, but, in contrast, it is inside the main plasma sheet during the period of the substorm expansive phase and magnetic disturbances.
5. On average, during the substorm, the solar wind dynamic pressure was about 1.5 times that of the magnetic quietness period. Substorms occurred predominantly during the southward IMF orientation, and the substorm onset is not often associated with the northern turn or with the decrease in the southward interplanetary B z . In winter substorms occurred generally during the positive interplanetary B y and in summer they were observed when the interplanetary B y was negative.
